Azetidine 2-carboxylic acid (AZ) was used as an analog of proline to investigate further the relationship between protein synthesis and ion transport. AZ does not inhibit protein assembly, but the proteins formed are ineffective as enzymes. At relatively low concentrations (50 5LM) AZ was a potent inhibitor of release of ions to the xylem of excised roots of barley (Hordeum vulgare L.) and intact plants. Uptake to the root was also inhibited but to a lesser degree. A procedure was introduced for estimating unidirectional fluxes from measurements of net tracer uptake, net transport to the xylem, and net efflux from the roots. It was shown that inhibition of release to the xylem was not caused by reduction in influx at the plasmalemma or to stimulation of influx to the vacuoles. It was suggested that AZ was acting on the process of release from symplast to the xylem. The action of AZ is compared with similar effects on ion transport produced by p-fluorophenylalanine, cycloheximide, and abscisic acid.
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A previous publication has shown that the amino acid analog p-FPA2 inhibited transport of ions across the root to the xylem (18) . Influx to the root was not inhibited and, consequently, there was an increase in accumulation of tracer in vacuoles of the root cells. The inhibition occurred inward of the endodermis and hence was suggested to be due to a block in release from cells in the stele, and not to inhibition of movement in the symplasm.
This view of action of FPA on transport across the root is consistent with current views on symplasmic transport (19) as a passive process, involving active transport at entry to or exit from the symplasm (4, 10) . Inhibition was suggested to result from production of nonsense protein incorporating the analog instead of phenylalanine.
The purpose of the present investigation was to support the interpretation of the results with p-FPA by showing that a different amino acid analog produced a similar inhibition of ion transport to the xylem. Azetidine 2-carboxylic acid acts as an analog of proline, that has been shown to compete with L-proline for incorporation into protein but without inhibiting protein synthesis (13) . The results have a wide relevance in interpretation of the effect of inhibitors of protein synthesis on ion transport across the root and the inhibition of ion release to the xylem produced by ABA (3) .
MATERIALS AND METHODS
Plant Material. Excised roots of barley (Hordeum vulgare L. cv. Dampier) were used in the experiments. Seedlings were grown on stainless steel gauze, with the roots in aerated 0.5 mM CaSO4 at pH 5.5 for 4 days then transferred to 0.67 or 5 mM KCl + 0.5 mm CaSO4 for 24 hr to load the cell vacuoles with KCI. These roots are referred to as "CaSO4/KCl" roots. For efflux studies, this solution contained 36CI so that the roots contained labeled Cl-. Roots grown on 0.67 mm KCI contained 50 ,umol gFW-l and roots from 5 mm KCl contained 80 ,umol Fw-' Cl-. Barley roots were also grown in the dark in an aerated nutrient solution at pH 5.5 containing 10 mm KNO3, 2 mM Ca(NO3)2, 3 mM MgSO4, 0.8 mm NH4H2PO4, Fe-EDTA to give 90 iLm Fe, and trace elements according to Arnon and Hoagland (1) . These are referred to as "nutrient roots."
Solutions. Solutions of KCl for use in experiments also contained 0.5 mm CaSO4 at pH 5.5.
Measurements of Uptake and Transport across the Root. Tracer transported into the symplasm of the root is assumed either to be retained in cell vacuoles or to be transported across the root to the xylem or to be returned to the solution if there is efflux from the symplasm.
Measurement of tracer content of the roots at different times can be used to estimate the rate of accumulation in the vacuoles, referred to here as D*,.. Roots were put into 5 mm KCl labeled with 36Cl or 86Rb, and samples removed at intervals. Samples were rinsed for a standard time of 2 min in ice-cold 5 mm KCl to remove free space tracer, though it is probable that a small amount of tracer would also be removed from the symplasm by this treatment. The slope of the content of the tissue plotted against time was used to estimate ¢*,. There are some limitations in this procedure, but they do not detract from the usefulness of the measurements in the present experiments. The basis for the indeterminancy in CI*,X is that part of the tracer in the tissue will be in the symplasm and in the xylem vessels. However, the major amount after about 1 hr will be in the vacuoles, which thereafter will represent the major change in content of the tissue and then the slope approximates to VOV.
Transport across the root to the xylem (F*OX) was measured using excised roots set up with 5 to 7 cm of the apical end of the root in labeled solution and about 0.5 cm of the cut, basal end of the root in unlabeled solution. This unlabeled solution was removed periodically to determine transport from the root in the xylem exudate. Details of the system are described elsewhere (14) . The main uncertainty in V, as in all experiments to measure exudation of solute, is that the amount of tracer released from the cut end was transported to the xylem at some earlier time dependent on the rate of flow of exudate in the vessels. The time to clear the vessels of barley roots has been estimated at about 3 min cm-' root (14) , i.e. about 15 min in the present experiments. The sum of content of the root and the cumulative total exported from the xylem can be used to estimate the net tracer influx. The total content will be underestimated by the small amount removed from the symplasm in a 2-min rinse by ice (14) , but essentially consisted of two chambers so that the apical 5 cm of the roots could be set up in one end, the cut end (about 0.5 cm) in the other. The chambers were separated by barriers, into which the roots were sealed with silicone grease.
The tracer measurements of uptake (or efflux) can be related to unidirectional fluxes if assumptions are made about the relationship of phases in the root (14 Other Procedures. Leucine incorporation and uptake were determined as described previously (19) .
ATP and ADP were extracted according to a procedure of R. Nitrate reductase was assayed as described previously (21 Table I gives results of other similar experiments in which inhibition of 'IV in L-proline was only found at concentrations of 1 to 5 mm, much higher than the concentrations at which AZ was effective. Figure 2 , but different scale.
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For comparison with the effect of AZ on D*I, the percentage reduction of net tracer influx and of D*x is shown in Figures 2  and 3 for the first 2 hr of measurement. The general conclusion is that inhibition of each of these quantities occurred at about the same time after addition of AZ.
Ions transported to the xylem of barley roots have been shown to be derived both from cell vacuoles and from the external solution (7) . To test that AZ also inhibited transport Cl-from vacuoles to the xylem, CaSO2/KCl roots were prepared containing labeled 36Cl and then net efflux of tracer measured from the cut end (4¢*) and to the solution around the root (4 *). Roots were rinsed in unlabeled KCl for 2 hr before the start of measurements to eliminate exchange from the free space and cytoplasmic phase. Figure 4a shows the inhibitory effect of 50 ZiM AZ on ¢*x, which was reduced by about 93%, after a lag of about 30 to 50 min. Figure 4b shows that there was a stimulation of D*% by about 1 ,umol gFw-l hr-1 which was evident during the first sampling period. This increase in D*% is shown below to be due to an increase in 4 The reversibility of inhibition of 'D* produced by AZ was investigated by replacing AZ in the labeled solution with 100 iLM L-proline after varied periods. Nutrient-grown roots set up in 5 mM KCl labeled with 36CI were treated with 50 itM AZ for 20 min, 1 hr, or 2 hr and then AZ removed by changing the solution to 5 mM KCl + 100 i.M L-proline. The solution was replaced twice with 5 min between changes to remove AZ in surface layers of solution and in the free space of the roots. L-Proline was included as it had been shown to reduce the effectiveness of AZ (Table I) and it was expected to counteract any residual AZ in the free space and to speed up displacement of AZ from the cytoplasmic pools. Other sets of roots were left in AZ to check the degree of inhibition achieved. All labeled solutions contained the same specific radioactivity of Cl-.
When AZ was removed after 20 min, there was no development of inhibition. The effect of removal of AZ after 1 hr is shown in Table II . The response of 4V to AZ was analogous to that shown in Figure 1 , so the results are summarized in Table II as rates of transport in roots at the times of addition and removal of AZ and at 2 and 6 hr after addition of AZ. Values of fluxes kx and 4c in untreated roots were nearly constant over the 200 min, having mean values of 2.9 ± 0.03 and 3.7 ± 0.1 ,umol gFw-l hr-1 (± SE), respectively. The influx to the vacuole, (P, fell during the experiment from 4.4 to 2.7 /umol gFw-l hr-1. These results show that AZ produces strong inhibition of Ox (to 95%), as would be expected from its action on ¢*x and 4D* . There was less relative reduction in 4,, and further, its absolute reduction at 50 and 100 min was less than that in O,x by about 0.6 and 0.5 ,umol gFw-l hr-1, respectively. This implies that reduction in 4kx was not entirely a consequence of reduction in 4C. The influx to the vacuole was less affected by AZ than either 4x or 4C; the slight increase at 50 min was found in other similar experiments. Over longer times the reduction observed in 0, could be a direct effect of AZ through its action on metabolism but could also be a consequence of the reduction in <o.
The efflux from the tissue, fPO, is shown separately in Figure 6 with the absolute values of 0,. The efflux from untreated roots was constant at 0.90 ± 0.03 ,umol gFw-l hr-1, which has been shown as the value at zero time. The reduction in 4kx was accompanied by an increase in CO as expected from the changes in D*O already given in Figure 4 .
Action of AZ on Metabolism in the Root. AZ is reputed to act as an analog of L-proline (13), i.e. AZ can be incorporated into protein or short chain polypeptides in place of L-proline, when these compounds are consequently nonfunctional in their normal roles. It would be expected then that AZ would not inhibit the rate of amino acid assembly, apart from indirect effects due to feedback from the resultant, nonfunctional polypeptides. However, newly synthesized protein should not show enzyme activity. Table IV gives trichloroacetic acid-insoluble material (protein). Roots were excised and kept in 5 mm KCI with either 50 UM L-proline or 50 ,UM AZ. At zero time and after 100 min in proline or AZ samples were put into similar solutions containing 20 ,LM Lleucine. After 45 min the samples were assayed. The ratio of incorporated L-leucine to the total content of the tissue was the same in L-proline and AZ, i.e. compared with L-proline, AZ does not reduce L-leucine incorporation at times (100-145 min) when transport (¢*x) was inhibited (e.g. see Figs. 1 and 2 ). In contrast, CHM, which blocks protein assembly at the ribosomes, has been found to reduce L-leucine incorporation by 54% with 45 min in barley roots (22) . Both L-proline and AZ reduced Lleucine uptake and incorporation by about 40% compared with To test the effectiveness of protein formed in AZ, the induction of nitrate reductase by NO3-was assayed, since the increased level of this enzyme is due to synthesis of new protein.
Tissue pretreated with 5 mm KNO3 for 4.5 hr showed induction of NO3-reductase activity which was absent in similar tissue also treated with AZ (Table V) . Measurements of NO3-content showed that NO3-was taken up to the tissue, eliminating the possibility that AZ inhibited NO3-reductase by blocking N03-uptake. The second part of Table V Analysis of the fluxes showed that inhibition of 4Ax was accompanied by a reduction in O. and initially there was no effect or a slight increase in 0, However, the absolute changes in gbo were less than those in q5x so its reduction cannot be interpreted as due to the inhibition of 4O. Similarly, the stimulation of 40, was small and found only over the first 50 min; at later times 4v was inhibited (Fig. 5) .
Inhibition of transport in the symplast should show as a reduction of transport across the endodermis to the stele. Measurements of tracer content of the steles and of tD* (Table IV) inhibition). Experiments using ABA (16) and FPA (18) had produced similar evidence that in barley roots the endodermis was not a complete barrier to tracer when 'I* was inhibited.
Using current views on the symplasm (19) , the degree of inhibition across the endodermis can be interpreted as due to a change in sinks within the stele from accumulation in stelar cells plus release to the xylem in controls to accumulation in stelar cells alone in AZ.
Observation of tracer transport from the cut end of the root depends on there being a volume flow from the xylem. Inhibition of FD* might then occur due to inhibition of water flow, irrespective of inhibition of 4,. Reduction in permeability of roots to water flow has been observed with corresponding reduction in ¢*x produced by cytokinin (8) . Changes in hydraulic conductivity of the root have also been found using ABA (5, 20) , and suggested to affect solute transport to the xylem. However, the inhibition of IV has also been observed in CHM (22) and ABA (3) using intact plants in which there was continued transpiration, and in the present paper similar results are reported for AZ. Inhibition of IV in these examples cannot be due to reduced water permeability of the root.
These results support the vi,w that inhibition of ¢ is due to inhibition of O,x by AZ. According to Davis and Higinbotham (4) , release to the xylem appears to involve active transport and it would be interesting to test if the process they investigated is inhibited by AZ. It is suggested that the observed inhibition of release to the xylem takes place at xylem parenchyma cell membranes. made about involvement of protein synthesis in ion transport, either for synthesis of membrane or for continuing production of carriers that turn over rapidly. It is difficult to separate these explanations from those based on indirect requirements for protein involved in energy metabolism, resulting in inhibition of ion transport by reduction in energy transfer. This dilemma has been shown particularly in studies with CHM (12) . Effects of these compounds can be compared. The results presented here support views that AZ is incorporated into protein in place of L-proline resulting in nonsense proteins. This action is analogous to that of FPA. CHM, however, acts by inhibiting protein assembly at the ribosomes. All of these compounds inhibit ion release to the xylem (CHM 9, 11, 22; FPA 18, 21) , although there are minor differences in the lag before inhibition develops and the degree of inhibition of .Vt With FPA there was no reduction in net tracer uptake and an increase in4¢*. Both AZ and CHM inhibited net tracer uptake and 4V.
Mechanism of
The different response of I*v to FPA and AZ suggests that inhibition of entry to the cells (4O and 4,v) may be different in kind from that of 0,
The simplest explanation of inhibition of ID* by these compounds (18) is that 4sx involves a carrier protein that turns over by 50% in 1 to 2 hr (the time for 50% decrease in 4OX).
However, the inhibition of ¢*x by AZ was not readily reversible in L-proline (Table II) 
